Since the development of the first samarium-cobalt magnets in the 1970s, materials based on SmCo 5 and Sm 2 Co 17 (see Table I for their basic magnetic properties) have become an important class of permanent magnets. [1] [2] [3] In particular, they continue to be used in applications well above room temperature, where they are superior to other high-performance rare-earth magnets, such as Nd 2 Fe 14 B.
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The high coercivity of samarium-cobalt magnets originates from the Sm sublattice anisotropy, whereas the Co sublattice yields a high Curie temperature and stabilizes, via intersublattice exchange, the magnetic anisotropy at high temperatures. 11 A common feature of both room-temperature and high-temperature Sm-Co magnets is the use of additives such as Cu, Zr, and Ti, which yield a two-phase structure where a 1:5 type grain-boundary phase surrounds 2:17 type main-phase cells.
The two-phase nanostructure is necessary to obtain coercivity at zero and finite temperatures, by realizing domainwall pinning at the 1:5 grain-boundary phase. The Cu, which exhibits a high solubility in the 1:5 phase, essentially contributes to the phase segregation and tunes the anisotropy of the grain-boundary phase. 3 The latter effect is strongly temperature dependent, 4 because the reduction of the anisotropy of the grain-boundary phase due to Cu is particularly pronounced at high temperatures. While Cu seems to be necessary in any two-phase Sm-Co magnet, Zr, Ti, and some other elements can replace each other, although both the microstructure and the magnetic properties are affected by the choice. [4] [5] [6] [7] [8] At room temperature, optimized Zr-containing magnets are superior to Ti-containing magnets, but this is no longer true for magnets whose composition and heat treatment are chosen to optimize the coercivity at temperatures of the order of 500°C. 4 This and the somewhat different microstructures of Zr-and Ti-Containing magnets 12 indicate differences in the site-specific occupancies by the additives. This affects the intra-and intersublattice exchange interactions, the Curie temperature, 13 and-indirectly 11 -the finitetemperature anisotropy and coercivity.
So far there are no first-principles calculations of the solubility of additives in the SmCo 5 and Sm 2 Co 17 phases. This refers not only to the more recently considered hightemperature magnets, but also to conventional roomtemperature Sm-Co permanent magnets. A relatively good phenomenological description of the phase structure has been achieved, but a thorough theoretical understanding and further optimizations and improvements of the magnets requires a first-principles analysis of the solution energies and energy differences. In this letter, we report first-principles calculations of the solubilities of Cu, Ti, and Zr in SmCo 5 and Sm 2 Co 17 . We use the Vienna ab initio simulation package (VASP) 14, 15 to study the phase preference by these impurities and their effects on the magnetic moments.
There is a generic connection between 1:5 and 2:17 phases. Sm 2 Co 17 can be obtained from SmCo 5 by appropriate substitution of the Sm atoms with a pair of Co atoms called dumbbell pair. 3 The number of inequivalent cobalt sites increases from two for SmCo 5 to six for Sm 2 Co 17 . The presence of the dumbbell pair in 2:17 phase creates additional elastic stresses in the system, which results in increasing the a)
Author to whom correspondence should be addressed, electronic mail: siaswal1@unl.edu c axis while reducing the a-axis lattice parameter. Since the compounds being studied here are close-packed, the transition-metal impurities are expected to substitute for Co. Due to the comparatively big size of the Zr atom, we have also checked the possibility of its substitution for the rareearth site. In order to study the phase preference of the impurities we calculate the total energy of the supercell that contains one impurity atom. We have chosen a supercell of 72 atoms for SmCo 5 , corresponding to 2 ϫ 2 ϫ 3 unit cells with 6 atoms per unit cell, and a supercell of 57 atoms for Sm 2 Co 17 , corresponding to three formula units. We use a relatively small number of k points with 4 ϫ 4 ϫ 2 division of the Brillouin zone because of the large size of the super cell. The positions of the atoms were relaxed using the VASP program, in order to obtain accurate solution energies. Impurities of Cu, Ti, and Zr were considered at each inequivalent position of the Co sites, and the energies of the basis compounds were calculated as well. Table II shows the results of these calculation.
The relative stability of an impurity in the two phases was inferred from these calculations. Using the results in Table II we have calculated the impurity solution energies. For example, for a Cu impurity in SmCo 5 , the solution energy is given by
where E represents the energy of the supercell having N formula units. (In the present calculations, N = 12 for 1:5 compounds and N = 3 for 2:17 compunds). Solution energies computed using the above relation are given in Table III . A negative (positive) value of E sol implies that the impurity is soluble (insoluble) in the host. Table III shows that Cu is soluble in 1:5 but not in 2:17, in agreement with experiment. 16 This is responsible for the two-phase mixture when a Sm-Co system with composition close to 2:17 is doped with Cu. We also see from the results in Table III that Ti can go into either phase, with a slight preference for the 1:5 phase. By comparison, Zr can go to either phase with a preference for the 2:17 phase. While Ti and Zr doping have similar effects on the Sm-Co system, the slight preference of the Zr for the 2:17 phase may explain the relatively easy formation of the hexagonal 2:17 platelet phase, which has been associated with the presence of Zr. 2, 3 In fact, the main structural difference between Zr, and Ti-doped 2:17 type magnets is the presence of a lamellar phase in the case of Zr and its absence in the case of Ti. 12 In the 2:17 phase, the dumbbell site is the site preferred for substitution by both Ti and Zr. We have also examined the possibility that Zr replaces Sm, as suggested by the similar sizes of the elements. The solution energy results in Table  III show that Zr overwhelmingly prefers Co sites over the Sm sites in both compounds. The calculated magnetic moments for Ti and Zr-substituted compounds are close to the experimental findings.
Our calculations support the following qualitative picture. The doping of Sm-Co system with Cu causes the formation of a SmCo 5 phase, whereas Zr and Ti are present in both phases helping to produce a microstructure suitable to create coercivity. 17 These phases have mismatch of lattice parameters which depends on the doping concentration. This will create elastic stresses in the system. At some window of doping concentration the system creates a cellular microstructure which lowers energy by removing these stresses.
In conclusion, we have performed a detailed study of the relative phase stability of SmCo 5 and Sm 2 Co 17 doped with 
